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ABSTRACT
The application of square-wave potential treatments to platinum electrodes in acid solution under
suitable conditions produces remarkable changes in both the roughness and crystallographic orientation
of the electrode surface. The influence of the symmetry of the perturbing potential at different
frequencies on the growth mode of the platinum overlayers has been studied . The overall effect is
discussed in terms of the relative contribution of metal electrodissolution/electrodeposition and oxide
layer electroformation/electroreduction processes .
INTRODUCTION
The application of periodic perturbing potentials to several fcc metals can
produce a particular type of growth mode of the electroreduced metal overlayer
accompanied by the development of a preferred crystallographic orientation and a
simultaneous increase in the electrode roughness under controlled conditions . The
determining parameters of the overall effect are the upper (E„) and lower (E,)
potential limits, the frequency (f) and the symmetry of the perturbing signal . The
latter can be characterized by the ratio of the corresponding half-periods, (1 u and
7,), i .e., the real times associated with the anodic reactions at E„ and the cathodic
reactions at El , respectively. According to the model advanced recently to account
for the mechanism of the electrochemical facetting and roughening development
[1-5], the values of -r„ and r, play an important role in defining the characteristics
of the diffusional boundary layers related to the anodic and the cathodic reactions
at the metal/solution interface [5-7] and they also influence the surface processes
themselves, including metal adatom surface diffusion, particularly during the
cathodic half cycle . Despite the number of contributions made on the subject in
recent years, a more extensive investigation of the influence of the symmetry of the
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perturbing potential on the concurrent development of preferred crystallographic
orientation and change in electrode roughness is required . This paper is devoted to a
study of the growth modes of Pt overlayers resulting from square wave perturbing
potential treatments of different symmetries, and for this purpose, special attention
is paid to Pt in acid solution because as far as this matter is concerned, this metal
has been the most extensively investigated so far .
EXPERIMENTAL
The working electrodes consisted of polyfaceted single crystal (sc) Pt micro-
spheres grown by heating at the end of Pt wires, following the procedure described
elsewhere [8] . The geometric areas of these electrodes were comprised between 0 .01
and 0.04 cm . The working electrode was placed in the electrochemical cell contain-
ing 1 M H 2SO, at 25°C and its potential was measured against a reversible
hydrogen electrode (RHE) in the same solution . All potentials in the text are
referred to the RHE.
The electrochemical experiments comprised the following stages :
(i) Electrode pretreatment involving repetitive triangular potential cycling at 0.1
V/s between 0.05 and 1 .50 V until a stabilized voltammogram (blank) was attained.
SEM micrographs of the pretreated electrode were obtained for further comparison .
(ii) The pretreated electrode was subsequently subjected to a repetitive square
wave potential scanning (RSWPS) between E, = 0.05 V and E„ = 1 .50 V at a
frequency, f, during a certain time t . For a preset f the values of T„ and T, were
also varied systematically, covering the following T°/T, ratio range: 4 X 10-3
(T„/T,) 5 250 .
(iii) The voltammogram of the treated electrode was recorded again under the
same conditions indicated in (i). SEM micrographs of the treated electrode were
then obtained systematically .
The following criteria were followed to estimate the development of preferred
crystallographic orientation (pco) and the change in the electrode roughness .
According to recent work on the electrosorption of H on Pt single crystals in acids,
the main voltammetric peak at lower potentials (h,) (weakly bound H-adatoms),
which was originally assigned to the H-adatom-Pt (111) site interaction [9,10],
corresponds to H-electrosorption on disturbed Pt (111) surfaces with a larger
number of Pt (110) sites [11,12], whereas the main voltammetric peak at higher
potentials (h 2 ) (strongly bound H-adatoms) represents the H-adatom-Pt (100) site
interaction [11,13-16] . Accordingly, the height ratio of these two peaks, h2/h„ can
be taken arbitrarily to follow the degree of pco achieved throughout the treatment
described in (ii) . Thus, for the initial polyfaceted sc Pt, the average h 2/h, ratio was
ca. 0 .64. Analogously, the relative increase in active surface area (R) of the resulting
surface can also be determined voltammetrically through either the corresponding
H-adatom monolayer charge or the electroreduction charge of the 0-monolayer,
before and after the application of the RSWPS treatment . Further details of the cell
design, cleaning procedures, electronic circuit and other experimental features are
given in previous publications [5,17] .
RESULTS
General behaviour of Pt electrodes after RSWPS treatments in the 0.1 c f S 5.6 kHz
range
The influence of the symmetry of the square wave perturbing potential on both
the h 2/hl ratio and the value of R, after 1 h RSWPS from E, = 0.05 V to E„ = 1.50
V, is depicted in Fig. 1 . At any f the range of T./T, related to the peaked value of R
does not coincide with the range of TIT, where the largest increase in the h,/h1
ratio is observed. For the peaked value of R, the corresponding log Ta/rt ratio
decreases as f increases. Otherwise, for f > 01 kHz, the h 2/hl ratio exhibits a
bell-shaped dependence on log (;/TI ), the maximum value for the h2/h l ratio
corresponding to the symmetric RSWPS, i .e. logT./T,=0 At f=0.1 kHz two
peaked values of the h 2/hl ratio appear at log r,/Ti = - 1.52 and log ;/T, =1.28.
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Fig. 1 . Dependence of R and h2 /h, on log ;/T I at different f derived from stabilized voltammograms
run at 0.1 V/s between 0 .05 and 0.60 V in 1 M H 2SO4, 25°C, after 1 h RSWPS treatment (E, = 0.05N,
E„ =1.50 V), f: (a) 0.1 ; (b) 1 ; (c) 3, (d) 5 .6 kHz.
Fig. 2 . Dependence of +„/TI ratios corresponding to the peaked values of R on the period (T) of the
perturbing potential .
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As f increases the region where changes can be observed in the values of both
h 2/h, ratio and R become narrower.
The r„/r, ratio values corresponding to the peaked values of R at different f can
be plotted as log rU/rt vs. log T (Fig. 2) . This plot correlates the T,/r, ratio directly
related to the symmetry of the RSWPS and T, the time associated with a single
complete oxidation-reduction cycle .
Characteristics of platinum overlayers resulting from RS WPS at f = 0 .1 kHz
The morphology of the electroreduced metal overlayer as seen through the SEM
micrographs becomes strongly dependent on the entire operating conditions . Thus,
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Fig. 3. SEM micrographs and stabilized voltammograms run at 0.1 V/s in 1 M H 2SO° , 25 0 C, after 1 h
RSWPS treatment (E, = 0 .05 V, E„ = 1 .50 V, f = 0.1 kHz, T„ /T, = 1). (a) SEM micrograph of the treated
surface, scale 100 Mm . (b) SEM micrograph of the region around the [100] crystallographic pole, scale I
pm. (c) SEM micrograph of the region around the [111] crystallographic pole, scale I Jim. (d) (	)
Voltammogam run between 0.05 and 0.60 V ; (---) untreated polyfaceted sc platinum sphere .
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the micrographs resulting at point A in Fig. la show that the electrode surface is
uniformly covered by a metal overlayer of dendritic structure (Figs . 3a-c), except
for a few symmetrically distributed small areas presumably corresponding to the
[310] pole family (Fig. 3a). Furthermore, a peculiar geometry with a regular
symmetry originating around the [100] and [111] crystallographic poles can be
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Fig. 4 . SEM micrographs and stabilized voltammograms run at 0.1 V/s in 1 M H, SO,,, 25 ° C, after 1 b
RSWPS treatment (E,=0.05 V, E„=1.50 V, /a0.1 kHz. T~/.,=0.54) . (a) SEM micrograph of the
treated surface, scale 100 pm . (b) SEM micrograph of the region around the [100] crystallographic pole .
scale 1 pm. (c) SEM micrograph half way between the [310] crystallographic poles, scale 1 pm . (d)
(--) Voltammogram run between 0 .05 and 0 .60 V ; (---) untreated polyfaceted sc platinum
sphere.
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distinguished . The voltammetric response of the electroreduced Pt overlayer (Fig .
3d) shows a significant increase in the voltammetric charge related to the H-electro-
adsorption/electrodesorption peaks (R = 11) but the relative height of the voltam-
metric peaks (h 2/h, = 0 .89) is modified only slightly as compared to the blank .
The SEM micrographs obtained at point B again show a regular crystallographic
pattern for the Pt overlayer (Fig . 4a). However, at large magnifications polyhedric
and stepped structures can be observed in different electrode regions (Figs . 4b,c) .
The voltammogram of this electrode (Fig. 4d) shows a minor increase in R
(R = 4.4) and a slight trend to develop (100)-type pco (h 2/h, = 0 .97) .
The Pt overlayers resulting at point C exhibit again a predominant dendritic
structure, although pyramidal formations can also been distinguished . The corre-
sponding voltammograms show in this case a slight increase in R (R = 7 .3) and a
clear trend to develop the (100)-type pco (h 2/h, = 1.04) .
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Fig . 5 . SEM micrographs and stabilized voltammograms run at 0.1 V/s in 1 M H, S04 , 25°C, after 1 h
RSWPS treatment (E,=0.05 V, E„=1.50 V, f=0.1 kHz, ;/r,=0.03) . (a) SEM micrograph of the
region around the [1111 crystallographic pole, scale 10 µm . (b) SEM micrograph of the region around the
11001 crystallographic pole, scale 10 µm. (c) (--) Voltammogram run between 0.05 and 0.60 V;
(---) untreated polyfaceted sc platinum sphere.
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Fig. 6 . SEM micrographs and stabilized voltammograms run at 0.1 V/s in 1 M H 2SOq , 25'C, after I h
RSWPS treatment (E,=0.05 V, E„=1 .50 V, f=0 .1 kHz, ,,,/r,=19) . (a,b) SEM micrographs of the
region around the [100] crystallographic pole, scale I µm . (c) (	) Voltammogram run between 0.05
and 0.60 V; (- -) untreated polyfaceted se platinum sphere.
Another quite different topography appears at point D . In this case, no dendrite
formation is accomplished (Figs. 5a,b), but the metal overlayer is distributed rather
non-uniformly and presents a peculiar geometry at certain well-defined regions.
Thus, in the region corresponding to the [111] pole, the metal overlayer results in a
regular network of inverted pyramid-shaped units (Fig . 5a), whereas in the [100]
pole region it is made of square-shaped units (Fig . 5b). The voltammogram of this
Pt surface (Fig. 5c) shows a clear trend to develop (100)-type pco (h 2/h, = 1.2) with
a minor increase in surface roughness (R = 3 .6) .
The SEM micrographs resulting at point E, that is, at the maximum value of the
h2/h, ratio, correspond to a Pt overlayer with a characteristic cubic geometry (Figs .
6a,b). The corresponding voltammogram (Fig . 6c) shows a net development of
(100)-type pco (h2/h1 =1.85) and a minor increase in surface roughness (R = 3.8) .
On the other hand, the surface topography brought about for the peaked value of
R (point F), which corresponds to the application of an asymmetric RSWPS with a
r„/-r, ratio equal to 99 followed by slow electroreduction scans at 0 .1 V/s, involves a
Pt overlayer with large patches (Fig. 7a) formed by a rather uniform distribution of
small sticking globules of about 0.25 pm average diameter (Fig. 7b). This mot-
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Fig . 7. SEM micrographs and stabilized voltammograms run at 0.1 V/s in 1 M H 2S0„ 25°C, after 1 h
RSWPS treatment (E,=0.05 V, E„=1 .50 V, f=0 .1 kHz, a/Tt =99) . (a,b) SEM micrographs of the
treated surface, scale: (a) 10 µm ; (b) 1 µm . (c) (	) Voltammogram run between 0.05 and 0.60 V;
(---) untreated polyfaceted sc platinum sphere .
phology is similar to that already described for the electroreduction of hydrous
platinum oxide layers accumulated through a RSWPS treatment from 0 .05 up to 2 .5
V at a few kHz [18]. These electrodes furnish H-adatom electroadsorption/elec-
trodesorption voltammograms (Fig . 7c) involving a notable increase in the voltam-
metric charge (R = 203) but without detectable changes in the h 2/h 1 ratio (h 2/h1 =
0.88) as compared to the starting polyfaceted sc Pt .
A similar qualitative behaviour results for those Pt overlayers produced under the
conditions of point G, although in this particular case the increase in voltammetric
charge becomes smaller (R = 80) than in the preceding case .
Characteristics of the Pt overlayer resulting from RS WPS at f = I kHz
Typical SEM micrographs and voltammograms of Pt overlayers resulting from
the application of RSWPS at f=1 kHz are seen in Figs . 8 and 9. For the z°/rl
range corresponding to the maximum values of the h2/hl ratio, e.g., point H, the
RSWPS treatment produces Pt overlayers with a surprisingly interesting symmetric
pattern originating around the [100] and [1111 poles (Fig . 8a). The SEM observation
of a region around the [1001 pole shows faceted crystallites, presumably with (100)
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Fig . 8. SEM micrographs and stabilized voltammograms run at 0 .1 V/s in 1 M H, SO,, 25 0 C, after 1 h
RSWPS treatment (E,=0.05 V, E ° =1.50 V, f =1 kHz, r„/,i = 1) . (a) SEM micrograph of the treated
surface, scale 100 µm . (b) SEM micrograph of the region around the [100) crystallographic pole, scale 1
µm. (c) (	) Voltammogram mn between 0.05 and 0.60 V; (---) untreated polyfaceted sc
platinum sphere .
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Fig . 9. SEM micrographs and stabilized vollammograms run at 0.1 V/s in 1 M H zSOa , 25 ° C, after 1 h
RSWPS treatment (E, =0.05 V, E„=1 .50 V, f -1 kHz, T,/r,=12) . (a) SEM micrograph of the treated
surface, scale 1 µm . (b) (-) Voltammogram run between 0 .05 and 0 .60 V ; (---) untreated
polyfaceted sc platinum sphere .
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pco (Fig. 8b), as reflected in the voltammetric results (h 2/h 1 = 1.40) (Fig. 8c). On
the other hand, for the conditions of the RSWPS treatment where the maximum
value of R is obtained (point I) the resulting Pt overlayer presents a typical
cauliflower structure consisting of small and large globules (Fig . 9a) and a stabilized
voltammogram exhibiting a dramatic increase in voltammetric charge (R = 422) but
practically no changes in the h2/h1 ratio (h 2/h 1 =0.80) as compared to the blank
(Fig. 9b) .
It is interesting to observe, for a symmetric wave, the effect of E„ at f= 1 kHz
and t = I h on the entire process in order to establish whether the Pt overlayer
results primarily from an oxide layer accumulated during the RSWPS or to some
extent from the proper metal electrodissolution/electrodeposition cycles . In these
cases, for 1.4 < E„ c 1.6 V, the maximum value of R appears for a net predomi-
nance of Tu over T, . Thus, as E„ increases, the Ty/T, ratio required for achieving the
maximum value of R decreases from 21 for E„ = 1 .4 V to 11 for E„ = 1.50 V and to
9 for E„ = 1.6 V .
Characteristics of Pt oaerlayers resulting from RS WPS at f = 3 kHz
After symmetric RSWPS treatment at f = 3 kHz, that is, under the conditions
corresponding to point J in Fig. 1c, the treated Pt surface shows a crystallographic
pattern compatible with the (100) pco (Fig . 10a) . Furthermore, in the region around
the [111] pole, a highly faceted surface exhibiting a cubic geometry can be observed
(Fig. 10b), whereas near to the 1100] pole region small corrugations are clearly seen
(Fig. 10c). Accordingly, the voltammogram of this Pt surface (Fig . 10d) shows
pratically no increase in surface roughness (R = 1 .36) and a large degree of
development of the (100)-type pco (h 2/h1 = 1.4) .
For the operating conditions where the maximum value of R is accomplished
(point K), Pt overlayers exhibiting again a typical cauliflower structure are pro-
duced. The voltammetric response in this case also shows a large increase in surface
roughness (R=320), and slight changes in the h 2/h 1 ratio as compared to the
blank .
Characteristics of Pt overlayers resulting from RSWPS at f = 5.6 kHz
As f is increased up to f = 5.6 kHz, the maximum values of R and the h 2/h 1
ratio are closer as T„/T, -. 1. After applying a symmetric RSWPS, that is, under
conditions corresponding to point L, one can see the characteristic fourfold macro-
scopic symmetry around the flat 11001 poles (Fig, Ila). Moreover, in the region
located between the [1001 and [1101 poles, typical macrosteps are produced (Fig,
llb), whereas in the region located between the [111] and [100] poles a highly
kinked surface results (Fig . llc) . In this case, the voltanunogram of the treated Pt
surface (Fig. 1ld) shows no increase in surface roughness (R = 1), and it approaches
the characteristics reported in the literature for either Pt (100) sc surfaces or Pt sc
stepped surfaces with (100) narrow terraces under comparable conditions
[13,14,19,20] .
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Fig . 10. 5EM micrographs and stabilized voltammograms run at 0.1 V/s in 1 M H ,SO4 , 25' C, after 1 h
RSWPS treatment (E, =0.05 V, E„=1.50 V, f =3 kHz, ./r, = 1) . (a) SEM micrograph of the treated
surface, scale 100 pm . (b) SEM micrograph of the region around the [111] crystallographic pole, scale 1
Am. (c) SEM micrograph of the region around the [100] crystallographic pole, scale 1 µm . (d) (	)
Voltammogam run between 0.05 and 0 .60 V ; (---) untreated polyfaceted sc platinum sphere .
On the other hand, for the conditions of the RSWPS treatment where the peaked
value of R is obtained (point M), the Pt overlayer presents a structure similar to
that already described for points F, I and K and a voltammetric response showing
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RSWPS treatment (E, = 0.05 V, E„ =1 .50 V, f =5.6 kHz, (a) SEM micrograph of the treated
surface, scale 100 µm. (b) SEM micrograph of the region located between the (1101 and [100]
crystallographic poles, scale 1 µm . (c) SEM micrograph of the region located between the [111] and [1001
crystallographic poles, scale 1 µm . (d) (	) Voltammogram run between 0.05 and 0.60 V ; (---)
untreated polyfaceted sc platinum sphere .
again a remarkable increase in surface roughness (A= 278) and practically no
changes in the h 2/hl ratio as compared to the blank .
DISCUSSION
Fig. 11 . SEM micrographs and stabilized voltammograms run at 0 .1 V/s in 1 MHV SO,, 25'C, after 1 h
The application of the square wave potential treatment to a Pt electrode under
suitable conditions for producing oxidation-reduction cycles (ORC), results in
remarkable changes in both the roughness and crystallographic orientation of the
electrode surface. The ORC can be related to metal electrodissolution/elec-
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trodeposition and/or to oxide layer electroformation/electroreduction processes,
the former being responsible to a large extent for the electrochemical faceting effect
with development of preferred crystallographic orientation, whereas the latter
concerns mainly the metal surface roughening . The predominance of one or the
other type of reaction depends on the values of E„ and E,, f and T,/T, . For a
constant set of E„ and E„ as seen in Fig . 1, there is a considerable influence of the
RSWPS symmetry on the resulting metal surface characteristics . As a first ap-
proximation, a prediction of the feasible electrochemical processes can be derived
cautiously from thermodynamics, since most of the runs were made under relatively
high frequency treatments, considering the redox couples involving oxidized and
reduced metal species. Therefore, when E„ is comprised between 1 .40 and 1 .60 V,
the thermodynamic potentials of the Pt e+/Pt and platinum oxide/Pt redox couples
are exceeded [21], as the corresponding values are :
Hence, platinum oxides and soluble Pt e+ species can, in principle, be formed at E,, .
However, when symmetric RSWPS are used at f < 6 kHz, any oxide layer formed at
E„ becomes completely electroreduced at E, = 0.05 V, and then, the overall process
behaves as if only platinum electrodissolution/electrodeposition processes took
place in each RSWPS cycle at E„ and E„ respectively . But for asymmetric RSWPS,
particularly for large T./T, ratios, a significant amount of platinum oxide can be
formed. In any case, the frequency of the periodic perturbing potential plays a
fundamental role as it determines the average thickness of the pulsating diffusion-
boundary layer, either anodic, Se , or cathodic, S„ associated with the transport of
Pt" species out from the electrode surface during . or in the opposite direction
during T, [22-24]. The values of both S, and S, depend directly on the square root
of T° and T i , respectively, as well as on N, the number of cycles, although in this
respect a stationary situation arises for N-> oo [24] .
It is interesting to attempt to establish whether the Pt overlayer results primarily
from ORC associated with either reaction (1) or reactions (2)-(4) . It is clear that the
maximum degree of development of (100)-type pco is obtained at any frequency
higher than 0 .1 kHz in the vicinity of T°/T, = 1 . This means that the pco depends
mainly on the ORC related to reaction (1) .
For low frequency symmetric RSWPS, that is, in the 0 .1 kHz range, the values of
both Sa and S, are of the order of 10 -3 cm [5,24], the overall electrochemical process
is diffusion controlled and dendritic metal overlayers exhibiting a large value of R
are obtained . For higher frequencies, that is, in the 1-6 kHz range, both S, and S,
decrease to values between 10 -4 and 10 -5 cm [5] and the kinetics of the overall
processes change progressively from diffusion to activation control . Then, the
Pt e+ + 2 e- = Pt E° =1 .19 V (1)
Pt(OH) +H++e - =Pt+H2O E°=0.85 V (2)
PtO+2H + +2e- =Pt+H2O, E°=0.98V (3)
Pt02 +2H+ +2e- =PtO+H20, E°=1 .045V (4)
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eleetrodissolution/electrodeposition processes occur selectively since they become
strongly dependent on the physicochemical characteristics of each crystal face [25],
namely work function, potential of zero charge, anion adsorbability and surface
hydrophobicity . Under these conditions, the morphology of the treated surface
changes gradually to that of a faceted surface with development of pen .
For the particular situation found at 0.1 kHz involving ;/r, ratios of 0 .03
(T„ = 0.3 ms) and 19 (T, = 0.5 ms) corresponding to points D and F of Fig . la, the
same kinetic explanation applies . In both cases, the kinetics of the overall reaction
are largely determined by the shortest half-period . Therefore, under these conditions
(8a or S, < 10"` 4 cm), despite the low frequency value, the reaction also becomes
activation controlled and strongly dependent on the properties of each crystal face .
Thus, facetted surfaces with pco are obtained .
On the other hand, the development of surface roughness is, at all frequencies,
located at T./T, values greater than 1, that is, at a net predominance of T. over T,
(Fig. 1). This indicates that the development of surface roughness involves the
electroreduction of an oxide layer accumulated on the electrode during the ORC .
The I./T, ratio associated with the peaked value of R depends linearly on the
period (T) of the periodic perturbing potential (Fig . 2). Thus, for the higher
frequencies, the peaked value of R is approached for z„/T, y 1, It should be noted
(Fig. 1) that for very large T./T, values, the increasing contribution of the ageing
processes involving O-containing surface species hinders the oxide layer growth, and
correspondingly, decreases the value of R.
As was discussed in previous papers [3,5,18), the formation of thick platinum
oxide layers under symmetric RSWPS . can be interpreted in terms of a series of
reversible reactions starting from the Pt(OH) a,, intermediate, finally yielding a
non-aged hydrous metal oxide species . According to XPS data, this layer consists
mainly of Pt(OH)4 species [26,27), although the existence of Pt(OH)d - species has
also been advanced [28,29). For symmetric RSWPS, the short electroreduction
half-cycle favours the advance in depth of the metal plane, maintaining continu-
ously a fresh Pt surface and avoiding local acidification and water depletion at the
metal/solution interface.
The characteristics of the platinum overlayer resulting from the electroreduction
of the accumulated oxide layer depends on the properties of this layer as well as on
the electroreduction procedure [30] . The latter aspects have been discussed recently
for an accumulated oxide laver with exactly the same history [31). In the present
case, the thick oxide layer after proper electroreduetion cycling at 0 .1 V/s between
0.05 and 1 .50 V yields an electrodispersed metal layer consisting of a large number
of nearly spherical sticking metal superclusters of ca . 10 nm average diameter
(brush-like structure) as revealed by STM imaging [32).
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